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Abstract 
Macrozamia riedlei is a long lived, large seeded member of the cycad family, common to the 
Jarrah forest and Banksia woodlands within the Perth region of Western Australia. Because of 
the large size of the seeds (up to 50mm), it is believed that  large bodied herbivores are 
required  to  act  as  dispersal  agents.  Currently,  the  Emu  (Dromaius  novaehollandiae)  is 
considered to be the primary dispersal agent for M. riedlei. Due to anthropogenic activities, 
much of the habitat of M.riedlei is becoming fragmented primarily through agricultural and 
residential land clearing. This leads to the potential restriction of long distance dispersal of 
seed, required for healthy gene flow and the ability for range expansion in the face of an 
uncertain climatic future.  
 The aims of this study were to investigate the current population structure of M. riedlei at 
three locations within the Perth region and to identify dispersal agents and the distance they 
can disperse seeds. The sites chosen were Avon Valley, Sawyers Valley and Kings Park; these 
three  sites  were  chosen  since  they  present  a  gradient  in  emu  population  density,  from 
abundant at Avon Valley to absent for a century at Kings Park.  
To ascertain how these three populations of M. riedlei were currently structured, all plants in 
replicate  50x50m  plots  were  recorded  at  each  site  and  the  data  used  to  analyse  the 
demographic  and  spatial  structure  of  each  population.  Because  of  the  gradient  in  emu 
population density, it was hypothesised that the spatial and demographic structure would 
differ at each site, due to the availability of emus to disperse the seeds of M. riedlei. The three 
study sites were shown to be very similar in population structure despite the difference in 
emu numbers. It was also found that the Australia Raven (Corvis coronoides) was capable of ~ ii ~ 
 
dispersing the seeds of M. riedlei over distances of up to 390m, indicating that ravens are able 
to act as suitable dispersers of M.riedlei seeds and in the absence of emus maybe considered 
as a key dispersal agent.  
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Chapter 1- General Introduction 
 
The  southwest  botanical  province  (SWBP)  of  Western  Australia  is  listed  as  a  global 
biodiversity hotspot (Hopper & Gioia, 2004). While this identifies it as being one of 25 
locations on the planet with exceptional endemic diversity, it also indicates that many of 
the species present are undergoing serious habitat loss. This is causing extreme pressure 
on many species, impacting on their ability to survive into the future (Myers, Mittermeier, 
et al., 2000). Much of this is due to the anthropogenic alteration of the landscape through 
habitat  fragmentation  from  roads  and  clearing  for  agriculture,  mining  and  urban 
development, altered fire regimes, salinity and more recently, the effects of climate change 
(Radeloff, Hammer, et al., 2005; Burgman, Keith, et al., 2007). 
 
Of major biodiversity conservation concern in the context of global environmental change 
is the on-going capacity for large seeded plant species to disperse their seeds over long 
distances  given  their  reliance  on  a  small  number  of  large  bodied  frugivore  dispersers 
(Snow and Walter 2007). Due to landscape fragmentation, many of these large frugivores, 
including  mammals  and  birds  have  declined  in  abundance  through  both  direct  (e.g. 
hunting) and indirect (e.g. habitat loss) effects. This removal of large bodied frugivores has 
been  shown  to  severely  limit  the  dispersal  of  large  seeds  as  well  as  to  affect  species 
recruitment (Dinerstein & Wemmer, 1988; Chapman & Chapman, 1995; Brodie, Maron, et 
al., 2009), for example the distribution of Trewia nudiflora seeds by the greater one-horned 
Asian rhinoceros (Rhinoceros unicornis) (Dinerstein & Wemmer, 1988).  The large seeded 
species present within the SWBP, members of the Cycad genus, Macrozamia would seem  
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particularly vulnerable to a reduction in dispersal vectors due to the large size of their 
seeds which can measure up to 50mm in length. These large seeds are dependent on large 
frugivores to carry them away from the parent plants to maintain genetic diversity within 
the species (Young, Boyle, et al., 1996). 
 
Seed dispersal is the relocation of seeds from a parent plant and their germination in a new 
location, enabling a plant to perpetuate its life cycle and disperse its genes into the wider 
population  of  that  species.  This  ensures  healthy  genetic  diversity  and  species  richness 
(Nathan  & Muller-Landau, 2000; Carlo & Morales, 2008).   Wilson  and Treveset  (2000) 
suggest that plant dependence on animals for the dispersal of their seeds, indicates they 
are susceptible to dispersal failure should their seed vectors become rare or extinct. 
  
To assess the viability of Macrozamia populations, in particular where dispersal vectors 
may be in decline, the use of camera traps can be utilised to identify species interacting 
with Macrozamia seeds (Snow & Walter, 2007). In conjunction with camera traps radio 
telemetry  can  be  used  to  non  invasively  record  dispersal  distances  of  seeds  taken  by 
dispersers  (Mack  &  Druliner,  2003),  and  this  can  give  a  clear  indication  of  the  likely 
dispersal pattern for Macrozamia plants in a given area.  
 
The use of demography and spatial pattern analysis can determine whether plants within 
populations are clustered, aggregated or randomly distributed  (Diggle, 2003).  In locations 
where suitable frugivores are absent or in low numbers it might be expected that female 
plants will have high densities of juvenile plants around their bases and adult plants will be  
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in clusters (i.e. strongly aggregated), indicating dispersal failure (Wright & Duber, 2001). 
Where dispersers are present in higher numbers, both adult and juvenile plants might be 
expected to show a less aggregated pattern (Diggle, 2003).  
The aim of this thesis is to investigate three populations of M. riedlei, which is a member of 
the cycad family, within the Perth region to ascertain the population structure of a long 
lived, large seeded species in relation to the availability of large bodied seed dispersers.  
 
1.1 What are Cycads? 
The Cycadales is one of a group of four phyla (cycads, ginkgos, conifers and gnetophytes) 
that are known as gymnosperms (naked seeds) (Raven, Evert, et al., 2005). However, the 
cycads  are unique and are not  closely  related to any other extant plant group  (Jones, 
1993). According to the fossil record,  cycads first  evolved during the Carboniferous or 
beginning of the Permian  period approximately 280 million  years ago  (Norstog, 1987). 
Cycads were at the height  of their diversity during the Jurassic-Cretaceous period 199.6 to 
65.5 million years ago  (Jones, 1993; Walters, Osborne, et al., 2004).  Currently worldwide, 
approximately 300 species of cycads are identified, from 11 genera (Hill, Stevenson, et al., 
2004).  Most species are found on the continents of South America and Australia, and in 
South Africa (Norstog, 1987; Jones, 1993).  
The Cycadales are considered to be a monophyletic order (Walters, Osborne, et al., 2004). 
In general cycads are long lived (Jones, 1993), with work by Pate (1993) indicating that 
large specimens of Macrozamia riedlei in Western Australia may be up to 1500 years old. 
All cycads are dioecious (Jones, 1993), and for successful reproduction male and female 
plants must produce cones at the same time. In many Macrozamia species the stimulus to  
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produce cones appears to be  related to fire, and plants may produce  few  cones in the 
absence  of  fire  (Tang,  1990;  Jones,  1993;  Zunckel,  1993).  Cycad  pollination  occurs  via 
insect visitors, mainly thrips and weevils (Pellmyr, 1991; Connell & Ladd, 1993; Mound, 
2001) and the time from pollination to dispersal can take a year or more in some species 
(Baird, 1939). 
 
1.2 Research Questions  
The overall aim for this study is to investigate the spatial and demographic patterns for 
populations of M. riedlei at sites with and without the emu (D. novaehollandiae; the putative 
dominant  native  large  seed  disperser)  by  examining  the  distribution  of  plants  by  size 
(juvenile/adult) and sex (male/female/indeterminate). The study uses data collected from 
three sites- two in the Perth hills and the third in Kings Park in Perth City. These sites have 
been selected to reflect a gradient in the density of emu (present in high density, present in 
low density, absent) to determine if there is a correlation between the availability of emus 
as seed dispersers and the spatial structure of M.riedlei; in particular, whether a reduction 
in the number of a large bodied dispersers will have a significant effect on the ability of this 
large seeded species to disperse its diaspores, potentially affecting its ability to maintain 
healthy genetic diversity. 
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Specifically, the research questions of this project are: 
1.  Does  availability  of  large  animal  vectors  for  dispersal  of  seed  affect  spatial 
patterning of the large seeded species M. riedlei? 
2.  What  vectors  are  dispersing  of  the  seeds  of  M.riedlei  and  what  seed  dispersal 
distances are being achieved by those vectors? 
3.  What  are  the  likely  consequences  for  M.  riedlei  if  primary  seed  dispersers  are 
absent? 
Both observational and experimental methods will be used to investigate these questions. 
The research is presented here with each question answered in an independent chapter. 
The findings of each chapter are linked in the final Discussion (Chapter 5) where I will 
answer Question 3. The chapters are described below: 
 
1.3 Organisation of this Thesis 
Chapter 2- Study sites and species: Chapter 2 describes in detail the three locations where 
research was carried out, and why the locations were chosen.  Details such as vegetation, 
land form and climatic conditions are described.  
Chapter 3- Spatial pattern and demography analysis: The results from the analysis of the 
spatial patterns and demography of M. riedlei are described in this chapter. Particularly, 
what, if any, effect does a reduction in seed dispersers have on the population structure of 
M. riedlei.  
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Chapter 4- Camera trap and Telemetry analysis: 
This chapter investigates the fauna which were observed to interact with the seeds of M. 
riedlei, and to identify the distances that seeds were dispersed.  
 Chapter 5- Discussion: This chapter summarises the findings from the previous chapters 
and discusses the likely consequences of these results. 
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Chapter 2- Study sites and species: 
2.1 The study region 
The areas chosen for this project were based on the local population density of the emu, D. 
novaehollandiae, because it is considered to be the primary disperser of Macrozamia seeds. 
To achieve a gradient of emu population density from high numbers to zero, three sites 
where chosen some distance apart within the Perth region. The aim of this chapter is to 
describe in detail the location, physical and biological characteristics and fire history of the 
three chosen sites.  
The region in which the research was conducted has a Mediterranean climate type, of mild 
wet winters and hot dry summers (Dallman, 1998). The three locations chosen for this 
study consist of two in the Darling Range, at Avon Valley and Sawyers Valley, and one on 
the Swan Coastal Plain at Kings Park (Figure 2.1). All three locations share similar local 
climatic conditions, although Sawyers Valley is slightly wetter (Table 2.1), while Kings Park 
differs considerably from Avon Valley and Sawyers Valley geologically.  
 
 
 
Site  Latitude  Longitude  Elevation above 
sea level 
Mean Max 
Temp 
Mean Min 
Temp 
Mean 
Rainfall 
Avon 
Valley 
31° 35’ 41” S  116° 10’ 22” E  275m  23.0°C  10.8°C  816.0mm 
Sawyers 
Valley 
31° 56’ 26” S  116° 12” 43” E  274m  22.5°C  11.2°C  1074.2mm 
Kings 
Park 
31° 58’ 11” S  115°49’ 46” E  51m  24.2°C  13.0°C  800.4mm 
Table 2.1: Location and climatic data for the three research 
locations 
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Figure 2.1: Study sites in relation to the City of Perth and surrounding region. Red dot 
Kings Park, purple dot Sawyers Valley and yellow dot Avon Valley.  Image source, 
Google, Whereis (R), Sensis Pty Ltd 2012. 
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2.1.1 Avon Valley 
Avon  Valley  National  Park  is  located  50  km north  east  of  Perth  city  (Figure  2.2).  It  is 
situated on the Darling Scarp in open  Eucalyptus forest (dry sclerophyll) dominated by 
Jarrah (Eucalyptus marginata) and marri (Corymbia calophylla) (Molloy, 2007). Beneath 
the  main  canopy  lies  a  secondary  canopy  consisting  of  proteaceous  species  including; 
Banksia  grandis,  Persoonia  elliptica  and  Banksia  sessilis.  The  under  storey  vegetation  is 
dominated  by  grass  trees  (Xanthorrhoea  preissii),  Macrozamia  riedlei  and  a  variety  of 
woody  shrub  species  primarily  from  the  families  Myrtaceae,  Eriaceae  and  Fabaceae 
(Molloy, 2007).  
The geology of the site is a mixture of the Yalanbee and Bindoon landforms. These consist 
of gently undulating hills made up of fine gravelly slopes and lateritic duricrust on the ridge 
tops. Where there are steep slopes the soil consists of shallow red and yellow earth among 
rocky  outcrops  (Mulcahy,  Churchward,  et  al.,  1972;  Department  of  Conservation  and 
Environment, 1980).  
Avon Valley was chosen  as M. riedlei is present and the area is known to have a large 
population of emus based on observational evidence from locals, high scat (faeces) counts 
within the research area and personal observations by the author. Numerous emus were 
encountered while conducting field work with up to 45 emus seen feeding on fodder laid 
out for domestic stock in nearby paddocks.  
There have been no fires within at least the  last 8 years at the Avon Valley study area 
(Department of Environment and Conservation, 2011a). The lack of recent fires suggests 
that  coning events would have been  rare in the absence of fire as indicated by  (Baird, 
1939).  
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2.1.2 Sawyers Valley 
Sawyers Valley is located 33 km east of Perth city (Figure 2.3). It is also situated on the 
Darling  Scarp  in  open  Eucalyptus  forest  (dry  sclerophyll)  dominated  by  Jarrah  (E. 
marginata) and marri (C. calophylla). Secondary canopy vegetation consists of localised 
stands of Allocasuarina fraseriana and proteaceous species such as; Banksia grandis and 
Persoonia elliptica  (Molloy, 2007). Under storey vegetation  is dominated by grass trees 
(X.preissii), M. riedlei and various Hakea species including  H. undulata and H. prostrata as 
well as other woody shrub species (Molloy, 2007). 
The geology of the site is a mixture of the Dwellingup and Yarragil landforms, consisting of 
gently sloping hills with lateritic duricrust or granite outcrops on the ridge tops and fine 
gravels and sand in shallow depressions. In lower valley areas there are sandy gravels on 
the  slopes  and  orange  soils  in  damper  regions  (Mulcahy,  Churchward,  et  al.,  1972; 
Department of Conservation and Environment, 1980). 
Sawyers Valley was chosen as M. riedlei is present and it was determined to have a very low 
population  of  emus;  based  on  anecdotal  evidence  from  locals,  density  of  scat  (faeces) 
counts within the research area and observations by the author. No emus were observed 
by  the  author  during  numerous  visits  to  the  study  area,  with  fresh  emu  tracks  only 
observed in the soft sand of a fire access trail in the vicinity of one of the plots indicating 
the presence of emus in the area.  
The most recent fires at Sawyers Valley were 7 years ago and most of the study area has a 
fuel age of greater than 8 years (Department of Environment and Conservation, 2011b). 
Fires conducted as part of controlled burns covered a small area of the study area during  
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autumn 2011 (A. Nield, personal communication June 25 2012). This lack of recent fire 
would likely result in the same lack of coning events as described in the Avon Valley. 
 
2.1.3 Kings Park 
Kings  Park  Botanical  Gardens,  located  3.4  km  from  the  centre  of  Perth  (Figure  2.4)  is 
situated  on  the  Swan  Coastal  Plain.  The  canopy  vegetation  within  Kings  Park  is 
predominately Banksia species, B. attenuata, B. grandis, B. menziesii and B. prionotes; with 
areas  of    Allocasuarina  fraseriana  (Kings  Park  and  Botanical  Gardens,  2012).  Large 
specimens  of  Jarrah  (E.  marginata),  marri  (C.  calophylla)  and  Tuart  (Eucalyptus 
gomphocephala) would once have been the dominant canopy species but today are scarce 
due  to extensive logging in the early part  of the twentieth century  (Wycherley, 1992).  
Understorey vegetation consists of M. riedlei, numerous shrubs, herbs, sedges and grasses 
normally  associated  with  limestone  heaths  (Kings  Park  and  Botanical  Gardens,  2012). 
Geology of Kings Park is the Karrakatta landform of yellow Spearwood dune system sands 
over limestone (Department of Conservation and Environment, 1980).  
Kings Park was chosen as it has a large population of M.riedlei, and is known to have had no 
emus present for close to a century. This is based on detailed records kept by the Kings 
Park and Botanical Gardens and researched by  Wycherley (1992). Fire history of the study 
sites within Kings Park indicates that the most recent fire affecting any of the study plots 
occurred in 1996.  Prior to this, the most recent fires occurred in the late 1980s (S. Easton, 
Personal communication June 18 2012).  
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Figure 2.2: Map of the Avon Valley study area. The sample plots are located within the 
blue shaded area which represents a nine square km research site. Image source, 
Google, Whereis (R), Sensis Pty Ltd 2012. 
 
Figure 2.3: Map of the Sawyers Valley study area. The sample plots are located within 
the blue shaded area which represents an eight square km research site. Image source, 
Google, Whereis (R), Sensis Pty Ltd 2012. 
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2.2 The study species 
Macrozamia riedlei  (Gaudich) C. A.  Gardner, was first  described in 1826 by the French 
botanist  Charles  Gaudichaud-Beaupre,  (Paxton  &  Hereman,  1868)  who  placed  it  in  the 
genus Cycas, (Jones, 1993). It was moved into the genus Macrozamia in 1930 by the then 
Western Australian Government Botanist, Charles Gardner (Gardner, 1931; Jones, 1993).  M. 
riedlei is described as being endemic to Western Australia (Jones, 1993), where it is an 
iconic understorey species of jarrah (E. marginata) forest along the Darling Scarp as well as 
of Banksia woodlands on the Swan Coastal Plain (Burbidge & Whelan, 1982; Jones, 1993).  
Figure 2.4: Map of the Kings Park study area. The sample plots are indicated by the blue 
shaded squares, which represent 50x50 m quadrats. Image source, Google, Whereis (R), 
Sensis Pty Ltd 2012. 
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Of the three species of Macrozamia found in Western Australia M. riedlei is described as 
being the smallest (Jones, 1993; Hill, 2004b). There appears to be some contention as to the 
distribution of M. riedlei. Corrick and Fuhrer (2009) indicate that it has a small range from 
Dwellingup  to  Albany,  Burbidge  and  Whelan  (1982)  and  Jones  (1993)  suggest  a 
distribution  from  Albany  to  “north”  of  Perth,  Byrne  and  James  (1990)  in  their  genetic 
analysis of M. riedlei found a distribution from Esperance in the south to Jurien Bay in the 
north, while Pate (1993) suggests a distribution from Cape Arid in the south east to as far 
north as Geraldton.  
According to Jones (1993), M. riedlei has a mostly subterranean trunk which can extend to 
500 mm above ground and range from 200-600 mm in diameter. Pate (1993) suggests a 
trunk height of up to 4 m and a diameter of 1 m for those found on the open sand plains at 
the northern limit of its distribution. It has also been suggested that larger specimens may 
have been more widely distributed throughout its range prior to European settlement, as 
the trunk was used as a source of starch during the late eighteenth and early nineteenth 
century and those plants with the largest trunks would have been targeted for harvesting 
(Ladd & Connell, 1993).  This apparent confusion of distribution and physical traits may in 
part  be  due  to  the  overlapping  distribution  of  the  closely  related  species  Macrozamia 
fraseri. This species is recorded from Eneabba in the north to Perth in the south  (Hill, 
2004a).    
Reproduction in M. riedlei, like all cycads is dioecious, having separate male and female 
plants (Jones, 1993). Both males and females generally only produce cones after fire, with 
males producing 2-5 cones, although up to 16 cones have been observed by the author.  
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Female plants generally produce 1-3 cones with up to seven having been noted to occur 
(Baird, 1939). Pollination of M.riedlei is believed to be via insect vectors such as weevils 
and small beetles as well as by wind (Baird, 1939; Connell & Ladd, 1993).  
The  fertilisation  of  M.  riedlei  takes  place  approximately  four  months  after  pollination, 
coinciding with the cones having reached their full size. At maturity cones can reach a 
length of 300-500mm, and in the case of female cones, weigh up to 14 kilograms and 
contain up to 150 seeds (Baird, 1939; Ladd, Connell, et al., 1993) each of which can be up to 
50mm in length (Figure 2.5) (Baird, 1939).  
 
 
 
Figure 2.5: Image of a seed of M. riedlei with intact sarcotesta, illustrating the large 
size of the seeds.  
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Female cones produce many large sporophylls,  with a single spine which is distinctive 
among species in the  genus, at the base of the sporophyll where embryo development 
takes place (Baird, 1939). The total time from the development of a cone to when seeds are 
released is approximately 15 months  (Baird, 1939). Female cones begin to disintegrate 
approximately six months after pollination, revealing the highly visible seeds within, which 
have a thin orange fleshy coating (sarcotesta). As seeds are released, frugivores, (if present) 
are able to begin dispersal (Baird, 1939). The seeds may remain under the canopy of the 
parent or be dispersed by some mechanism. In either case seeds remain dormant for 6–12 
months during which time the embryo continues to develop (Snow & Walter, 2007). As 
with other members of the cycad family,  M. riedlei  is long lived  species. Work by  Pate 
(1993) indicated that large specimens may be 1000 years old, with up to 100 years before 
development of an above ground trunk, indicating that relatively small plants may be of 
considerable age. 
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Chapter 3- Demography and spatial pattern analysis 
 
3.1 Introduction and Aims 
The purpose of this chapter is to analyse the population structure of M. riedlei by using the 
following ecological parameters: spatial distribution, plant size, growth pattern, age and 
fecundity. Through the use of demography, which in an ecological setting is the idea that 
communities of plants are populations, and can be counted as in populations of animals 
(Harper, 1980), a picture of similarities or differences between the three populations of M. 
riedlei can be developed. From this, the structure of each population can be described in 
part  as  a  result  of  births  and  deaths    as  well  as  interactions  with  the  surrounding 
environment such as disturbance and dispersal (Harper, 1980). Therefore the recording of 
parameters including size classes, number of individuals in recognisable groups (males, 
females etc) and the positioning of M. riedlei  plants relative to each other within study 
plots, gives an indication of the behaviour (e.g. good recruitment) of that population.  
  
3.1.1 Spatial analysis 
To  understand  the  ecology  of  plant  species,  it  is  important  to  identify  the  underlying 
patterns of plant distribution (Fortin, Dale, et al., 2006).  Diggle (2003), describes spatial 
patterns as “a set of data irregularly distributed within a region of space”. Examples of 
these are plants within a quadrat, cells on a microscope slide or stars within a region of 
space (Ripley, 1981). When investigating the spatial pattern of an area of interest the null 
hypothesis  is  that  the  pattern  will  show  complete  spatial  randomness  (CSR),  with  the  
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alternatives  being  aggregation  or regularity  (Diggle, 2003). To investigate these  spatial 
patterns statistical tests  are used to quantify the available data collected from suitable 
plant (or other) populations (Fortin & Dale, 2005).  
 
3.2 Methods 
The study area consists of the three sites described in chapter  2.   At  Avon  Valley and 
Sawyers Valley a random-sited systematic sampling method was utilised to select 10 and 8 
plots  respectively  within  an  area  of  9  square  kilometres  at  Avon  Valley  and  8  square 
kilometres  at  Sawyers  Valley.  From  a  randomly  selected  starting  point,  plots  were 
systematically spaced 500m apart within the study area. At Kings Park, due to sensitive 
areas  for  flora  following  a  recent  large  fire,  only  five  plots  could  be  placed  which 
nevertheless  still  allowed  a  spacing  of  at  least  400m  between  replicate  plots.    Plots 
measuring 50x50m were marked out using a steel post at each corner, with the post at the 
south west corner considered the starting point for the X and Y axis on each plot.  
The trunk height and number of leaves per plant were recorded, as was the length of the 
longest living leaf on each plant. Trunk height was measured from the ground to the base of 
the crown, and leaf length was measured from the base of the leaf where it emerged from 
the crown to its tip. Sex was determined by the presence of cones or remnants there-of 
inside the leaf crown and around the base of the plant in the case of males, as well as the 
presence  of  juvenile  plants  at  the  plant  base  (indicating  female  plants).  Plants  were 
assigned into height classes at 20 cm increments to establish size structure, and to aid in 
determining an estimated age structure.   
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Seedlings were classed as plants with no stem above ground and leaves not exceeding 25 
cm in length, and juvenile plants were those with no stem above ground, leaves from 25-
100 cm in length and no indication of sexual maturity. Plants with a leaf length greater than 
100 cm that were of unidentifiable sex were classified as indeterminate adults. 
 
3.2.1 Data analysis 
Spatial  analysis  was  carried  out  on  data  from  each  site  using  the  Spatstat  package 
(Baddeley & Turner, 2005) in R (R Development Core Team, 2012). Chi square tests were 
used to evaluate significance in the sex ratios of adult plants between populations as well 
as to examine a number of other parameters of the populations. Population age structure 
based on leaf lengths from the three sites were investigated using a cumulative proportion 
curve,  and  were  compared  using  a  Kolmogorov-Smirnov  test,  to  test  for  statistical 
difference in population structure. The mean number of seedlings and juveniles present at 
each  site  was  analysed  using  a  Kruskal-Wallis  test  and  a  post-hoc  Wilcoxon  test  with 
Bonferroni correction to determine if sites were significantly different from each other. 
Non  parametric  tests were used to  analyse  the data  due to the large variance present 
within the data set. 
 
3.2.2 Spatial model fitting  
Increasingly complex spatial point models were fitted to the spatial data from each plot.  A 
homogenous  Poisson  process  model  (representative  of  CSR)  was  initially  fitted  to  the  
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spatial data of each plot.  We calculated g(r) at 0.1 m intervals  up to a distance of 1/2  the 
length of the shortest side of each plot utilising Ripley's edge (isotropic) correction and  
99% significance  envelopes were generated from 499 simulations.  An  inhomogeneous 
Poisson process was subsequently fitted if the Cramer-von Mises statistic and the rank 
value indicated that the homogenous model was not a good fit (Perry, Miller, et al., 2006). 
The presence of an inhomogeneous Poisson process indicates a first-order gradient driving 
spatial arrangement.  If the inhomogeneous Poisson model was not suitable, then a Thomas 
Cluster process was simulated.  The Thomas process estimates values of kappa (intensity of 
process  in  the  plot,  i.e.  analogous  to  the  number  of  parent  plants),  sigma  (standard 
deviation of the juveniles around the parent) and mu (the number of juveniles per parent). 
The fitting of the Thomas cluster process indicates that the spatial arrangement of plants is 
driven by interactions with other plants or the presence of local resource hotspots (biotic 
or abiotic) (Miller, Perry, et al., 2010).  
 
3.3 Results 
3.3.1 Demography  
At Avon Valley, Sawyers Valley and Kings Park, 920, 1816 and 424 plants were recorded 
respectively. Population structure at each site  was characterised as consisting of males, 
females, seedlings, juveniles and indeterminate adults (Figure 3.1). The largest proportions 
of each of the populations consisted of juveniles followed by seedlings, while male plants 
made up the smallest proportion of each population. The size based population structure  
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present at  the three  sites  using  leaf length  corresponds  to a type I curve according to 
Bongers et al (1988) (Figure 3.2)  
which illustrates a high frequency of seedlings and juveniles and a decrease  in frequency of 
adults. 
 
 
0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
100% 
Avon Valley  Sawyers Valley  Kings Park 
 indeterminate adults 
females 
 males 
 juveniles 
 seedlings 
Figure 3.1 Proportional structure of the three populations of M.riedlei studied - Avon 
Valley, Sawyers Valley and Kings Park  
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Overall population structure using a cumulative percent curve on leaf length class (Figure 
3.3) was analysed using a Kolmogorov-Smirnov test. There was no significant difference 
between populations (Table 3.1). 
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Figure 3.2 Leaf length class population structure of the three populations of M riedlei 
studied, indicating a type I curve according to Bongers et al (1988).   
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Both male and female plants at Kings Park had the longest leaf length at 240 and 232 cm 
respectively, though there was no significant difference observed between maximum male 
and female leaf lengths from the three populations (P > 0.5). Maximum number of leaves 
found on a male and female plant was also highest at Kings Park with 43 and 93 leaves 
respectively. A significant difference was observed in the maximum number of leaves on 
male and female plants (per plot) between the three populations (P < 0.005); Avon Valley 
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Number of categories 
Avon Valley 
Sawyers Valley 
Kings Park 
Avon Valley compared to Sawyers Valley: D = 0.17 with a corresponding P of: 0.99 
Avon Valley compared to Kings Park: D = 0.17 with a corresponding P of: 0.99 
Sawyers Valley compared to Kings Park: D = 0.25 with a corresponding P of: 0.82 
Table 3.1: Kolmogorov-Smirnov test results for the comparison of the three study sites, 
Avon Valley, Sawyers Valley and Kings Park, where D is the maximum difference 
between the cumulative distributions. 
Figure 3.3: Cumulative percentage of leaf lengths over 12 categories from the three study 
sites, Avon Valley, Sawyers Valley and Kings Park.  
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recorded  30  and 23  and  Sawyers  Valley  12 and  32 leaves  for  males  and  females.  The 
maximum trunk height recorded for both males and females was at Avon Valley at 50 and 
80 cm respectively. No significant difference was found though for trunk height for both 
sexes between the three populations studied (P > 2.0). 
The majority of juveniles were found around the base of female plants at all three locations, 
while seedlings were predominately found away from female plants (Table 3.2). Seedling 
density difference among the three populations was examined using a Kruskal-Wallis test 
which revealed no significant difference (P > 0.4). Juvenile plant density was also tested, 
but revealed no significant difference (P > 0.09). The mean number of indeterminate adults 
also showed no significant difference (P > 0.5) despite a significant difference overall in the 
number of plants in each population.   
TaTTTTTTTT 
  Avon 
Valley 
juveniles 
Sawyers 
Valley 
juveniles 
Kings Park 
juveniles 
Avon 
Valley 
seedlings 
Sawyers 
Valley 
seedlings 
Kings Park 
seedlings 
Total 
number  at 
each site 
644  1122  243  118  399  95 
Number 
beneath 
female 
386  995  209  20  53  1 
 
 
The sex ratio of male to female plants at Kings Park and Avon Valley was nearly 1:1, while 
Sawyers Valley showed a significantly different ratio of 2:1 females to males (Table 3.3).  
Table 3.2: Total number of juveniles and seedlings present at each site and numbers of 
juveniles and seedlings located beneath the canopy of female plants at each site.   
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Locality 
 
Number of female; 
male plants 
Ratio of female 
to male plants 
 
        χ² 
 
P-value 
Avon Valley  51; 44  1.15:1  0.516  > 0.4 
Sawyers Valley  94; 47  2:1  15.667  < 0.001 
Kings Park  11; 12  0.91:1  0.043  >0.8 
P- value calculated on a hypothesis of a 1:1 sex ratio 
The number of dead male and female plants within each population was recorded, with 
Kings Park recording no dead plants; Avon Valley recorded no dead males, and two dead 
female plants. Sawyers Valley recorded the highest mortality census with four dead males 
and  19  dead  female  plants.  The  number  of  dead  female  plants  at  Sawyers  Valley  was 
significantly higher (P = 0.001) than the mortality rate for males; there were also 50 dead 
indeterminate plants recorded at Sawyers Valley. 
 
3.3.2 Spatial analysis results 
For each plot at each site the Thomas cluster process model best described the spatial 
pattern. Plant spatial analysis was carried out for each plot in the three populations using 
point  pattern  analysis. The  estimated  Thomas process values for kappa,  sigma and mu 
(Figure  3.4)  were  tested  using  the  Kruskal  Wallis  test,  which  revealed  a  significant 
difference  in  kappa  between  sites  (P  <  0.05).  Post-hoc  Wilcoxon  tests  with  Bonferroni 
correction showed a significant difference in kappa between Kings Park and Sawyers Valley 
(P  < 0.05).  However  there were  no significant differences  in  sigma (P =  0.064)  or mu 
between sites (P = 0.15).  
Table 3.3: Sex ratios of plants (females : males) from the three populations studied  
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(c) 
 
Figure 3.4: Mean estimates (± 1 SE) of the key parameters of the Thomas Cluster Process 
(a) kappa, (b) sigma and (c) mu.  
 
Cluster plots for  Kings Park, Sawyers Valley  and Avon  Valley (Figure 3.5, 3.7  and 3.9), 
illustrate the relative locations of males, females and unknown plants in each study plot. 
Homogenous  Thomas  Cluster  models  fitted  to  spatial  data  of  M.  riedlei  at  Kings  Park, 
Sawyers Valley and Avon Valley (Figure 3.6, 3.8 and 3.10) illustrate a  99% confidence 
interval (CI) (shaded area) based on 499 simulations.  The red and black lines are the 
predicted and observed model fits respectively. Where the observed model lies outside the 
confidence bands, there is a significant departure of the observed model from the fitted 
model. 
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Figure 3.5: Spatial plot data for M. riedlei at Kings Park (no emus for 100 yrs).  The size of 
each point is relative to the largest individual (by leaf length) in each plot. 
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Figure 3.6: Homogenous Thomas Cluster models fitted to spatial data of M. riedlei at Kings 
Park.  Shaded area indicates 99% CI based on 499 simulations.  Red and black lines are the 
predicted and observed model fits respectively. X axis (r) is distance in metres. 
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Figure 3.7: Spatial plot data for M. riedlei at Sawyers Valley (some emus).  The size of each 
point is relative to the   largest individual (by leaf length) in each plot  
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Figure 3.8:  Homogenous Thomas Cluster models fitted to spatial data of M. riedlei at 
Sawyers Valley.  Shaded area indicates 99% CI based on 499 simulations.  Red and black 
lines are the predicted and observed model fits respectively. X axis (r) is distance in metres. 
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Figure 3.9: Spatial plot data for M. riedlei at Avon Valley (many emus).  The size of each 
point is relative to the largest individual (by leaf length) in each plot.  
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Figure 3.10: Homogenous Thomas Cluster models fitted to spatial data of M. riedlei at Avon 
Valley.  Shaded area indicates 99% CI based on 499 simulations.  Red and black lines are 
the predicted and observed model fits respectively. X axis (r) is distance in metres. 
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3.4. Discussion 
3.4.1 Demography 
Overall there was little difference observed in the population structures between the three 
study sites, despite there being a significant difference (P < 0.05) in population sizes. All 
three populations exhibited a type I curve according to Bongers et al (1988); this suggests 
continuous  recruitment  within  each  of  the  populations  based  on  the  high  numbers  of 
seedlings and juveniles and decrease in the number of larger plants present.  
Trunk height is considered to be an indicator of the age of cycads (1993; Perez-Farrera, 
Vovides,  et  al.,  2006).  While  no  significant  difference  was  observed  between  the  three 
populations, based on  this observation  the  population  at  Avon  Valley would appear to 
contain the oldest individuals. However as M. riedlei is known to produce a subterranean 
trunk in sandy soil for an estimated 100 years before any above ground trunk is visible 
(Pate,  1993)  it  is  possible  that  due  to  growing  in  a  rocky  lateritic  substrate,  minimal 
subterranean  trunk  is  produced  (personal  communication  Dr  Phil  Ladd).  This  would 
suggest that the plants at Kings Park could be of a similar age given the number and length 
of the leaves present on the largest individuals, despite having a smaller trunk height as 
they are growing in a sandy substrate. 
The  neutral  to  female  biased  sex  ratio  observed  in  this  study  is  interesting  as  it  is  in 
contrast to much literature in relation to cycads (Ornduff, 1985; Tang, 1990) which shows 
a male biased sex ratio. This is particularly so when compared to the work of Ornduff 
(1985) who found a strongly male biased sex ratio in M. riedlei within the Perth region and 
south  to  Pemberton.  The  population  sampled  within  Kings  Park  showed  near  unity  
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between males and females which agrees with Fishers Law (Fisher, 1930) which suggests 
that the energy required from a female plant to produce male or female offspring is equal, 
therefore 1:1 is considered the equilibrium ratio . However the two populations located on 
the Darling Range, in particular at Sawyers Valley show a stark contrast to Fishers Law as 
well to as the findings of Ornduff (1985), with a strongly female biased sex ratio. While 
these results are unusual, they are not unique; some other populations of cycads have been 
shown to be female biased or show a 1:1 ratio (Ornduff, 1987; Watkinson & Powell, 1997).  
A more likely explanation for the observed results could be because M. riedlei has been 
shown to require fire to reproduce on a large scale (Ornduff, 1985), therefore it is possible 
that due to the prolonged period without fire at the three study sites (Chapter 2), that the 
results appear skewed toward a female dominated sex ratio. Females can be identified with 
seedlings/ juveniles present after their cones have decomposed, while males, once their 
cones have decomposed or become covered in leaf litter would become unidentifiable and 
blend into the indeterminate adult category of plants, thus it is highly likely that there are 
many males present that were not recorded due to no obvious sign of gender. That is, the 
methods  of  gender  allocation  used  here  have  led  to  a  bias  in  likelihood  if  identifying 
females relative to males. The high mortality of plants at Sawyers Valley may be a reflection 
of the presence of  Phytophthora cinnamomi,  which is  known  to infect  M.  riedlei  and is 
present within the research area (Podger, 1972).  
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3.4.2 Spatial analysis 
In each replicate plot at each site, the homogenous Thomas cluster process provided the 
best fit.  This indicates the occurrence of significant spatial aggregation within each plot, 
particularly at small scales.  The plot data shows a prevalence of clusters of juveniles and 
seedlings (from multiple cohorts) in the vicinity of presumed maternal individuals.  The 
multiple cohorts of seedlings and juveniles observed under parent plants suggest a degree 
of resilience to typical negative density-dependent effects due to conspecific competition.  
This resilience is a characteristic often observed in clump-dispersed species (Howe, 1989).    
The  intensity  (number  of  parents)  varied  within  and  between  sites,  with  Avon  Valley 
recording the greatest variation in kappa.  This is perhaps unsurprising as the Avon Valley 
study site encompasses both jarrah forest and Eucalyptus wandoo habitats (Molloy, 2007). 
Habitat heterogeneity may intensify spatial aggregation at small scales and, in this instance; 
result in variable values of kappa. The small degree of between-plot variation of Kappa at 
Kings Park may also be expected owing to the small study area, which consisted of five 50 x 
50 m replicate plots and its relative isolation.   
Kings Park was also the only site with a uniform physiography throughout, being situated 
on  the  Swan  Coastal  Plain  (Department  of  Conservation  and  Environment,  1980); 
compared to Avon Valley and Sawyers Valley that had mixtures of laterite and sand/fine 
gravel (Mulcahy, Churchward, et al., 1972; Department of Conservation and Environment, 
1980). This would suggest  Kings Park would have more consistent growing conditions 
when  compared  to  Avon  Valley  and  Sawyers  Valley,  resulting  in  the  small  degree  of 
between-plot variation of Kappa observed there. Given the similarity between the three  
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sites observed, this suggests that similar dispersal processes may be in operation at each 
site. This will be explored in chapter 4. 
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Chapter 4- Seed dispersal: Camera trap and Telemetry analyses 
 
4.1 Introduction and aims 
The  large  size  of  M.  riedlei  seeds  as  in  other  cycads,  poses  questions  about  the  likely 
interactions  with  dispersers  throughout  the  plant’s  evolution,  as  the  composition  of 
dispersers has changed over time due to extinction events, especially for large herbivores 
(Snow & Walter, 2007). Dinosaurs are considered to have been the original dispersers that 
cycads may have evolved to rely on as their primary dispersal agents (Jones, 1993). Later 
megafauna would have filled this role, but with their demise in geologically recent times 
cycads now are left to rely on the present cohort of , generally smaller, mammals and birds 
to  act  as  dispersal  agents  (Snow  &  Walter,  2007).  In  this  chapter  I  quantify  dispersal 
distances for M. riedlei seeds and identify observed dispersal agents, as well as discussing 
which species can be considered as key dispersal agents as opposed to those species which 
opportunistically feed on the outer flesh of the seed, but offer no dispersal service.  
There has been limited work done on Macrozamia species in Australia to quantify which 
mammals and birds are acting as dispersal agents and how far seeds are being dispersed. 
Burbidge and Whelan (1982) worked on M. riedlei, Ballardie and Whelan (1986) on M. 
communis and Snow and Walter (2007) on M. lucida. Each of these studies identified likely 
dispersers through observation and the use of camera traps, but only gained limited data 
on actual dispersal distances. All three of the above studies also indicate a number of native 
species as being dispersal agents or predators. For example, the common brushtail possum 
(Trichosurus vulpecular) is regarded as being a key dispersal agent for Macrozamia seeds  
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(Burbidge and Whelan 1982; Ballardie and Whelan 1986). The Australian native rodent 
(bush  rat)  (Rattus  fuscipes)  has  also  been  identified  as  a  major  seed  predator  of  M. 
communis  (Ballardie  and  Whelan  1986).  Other  vertebrates  suggested  to  act  as  seed 
dispersal vectors of Macrozamia species include emus and several other species of birds, 
(Snow  and  Walter  2007)  as  well  as  Grey  kangaroos,  quokkas  and  brush  wallabies 
(Burbidge and Whelan 1982). As pointed out by Snow and Walter (2007), many of these 
observations  are  largely  anecdotal  and,  therefore,  of  limited  use  in  interpreting  the 
dispersal process accurately.  
 
4.1.1 Introduction to camera traps 
Camera traps have been in use for recording wildlife in their natural habitat since the early 
20th century (Kucera & Barrett, 2011). Early camera traps relied on trip wires to activate 
them, had to be custom made and often required bulky battery systems. These early units 
were large and were limited in the amount of data that could be collected due to the use of 
film (Kucera & Barrett, 2011). In more recent times the use of infrared (IR) beams as a 
means to activate traps has been used, resulting in a higher quality of data being gathered 
due to the passive activation system; although these early IR units were still cumbersome 
to set-up and required custom construction (Snow & Walter, 2007). Over the last 20 years 
camera traps have become a mainstream tool in conservation and ecology research, with a 
wide  range  of  uses  such  as  species  inventories,  the  discovery  of  new  species  and  the 
identification  of  nocturnal and rarely sighted  animal species such as tigers and pumas, 
which  due  their  cryptic  nature  could  not  otherwise  have  been  observed  (Rowcliffe  &  
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Carbone, 2008).  Recent improvements in technology have led to the development of small 
self contained units  with built-in  lighting, infrared sensors, long battery life  and digital 
storage which enable large amounts of data to be collected and stored (Yasuda, 2004).  
 
4.1.2 Introduction to radio telemetry  
Since  radio  telemetry  equipment  became  readily  available  during  the  1960s,  it  has 
successfully  allowed  researchers  to  study  animal  movement  and  habitat  use  without 
affecting natural behaviour (Mech, 1983; Guetterman, Burns, et al., 1991). Predominant use 
has  been  to  track  the  movement  of  animals,  birds  and  fishes  through  the  fitting  of  a 
transmitter to the animal in the form of collars, harnesses or leg bands (Brander, 1968; 
Buck, Mullis, et al., 1979; Amstrup, 1980; Melvin, Drewien, et al., 1983). Radio telemetry 
has also been successfully used more recently in the tracking of seeds to measure seed 
dispersal by animal vectors  (Mack  & Druliner, 2003; Hirsch, Kays,  et  al., 2012; Jansen, 
Hirsch, et al., 2012). 
 
4.2 Materials and methods  
To investigate those animals which interact with the seeds of M. riedlei and which may act 
as seed dispersers, two approaches were used; (1), the use of camera traps to observe 
animals  and  birds  interacting  with  seeds  placed  in  the  field  using  ‘cafeteria’  type 
experiments, and (2), the use of radio telemetry, with tracking devices placed inside seeds, 
to accurately record how far seeds were dispersed when taken.   
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A total of 47 M. riedlei seeds with radio transmitters inserted inside were placed either 
under large female M. riedlei plants or on the edge of game (most likely kangaroo and emu) 
trails within close proximity to M. riedlei plants at six locations within the Avon valley study 
area and at three equivalent locations at the Sawyers Valley study area. The placement next 
to game trails was to entice passing wildlife to interact with the seeds in the absence of any 
actual seed producing plants. 
To investigate whether seed appearance was an important factor in creating interest in 
dispersers, six of the seeds placed at Avon Valley were treated so that two seeds had 50% 
of the bright orange sarcotesta removed and four had 100% of the sarcotesta removed. 
This was to represent various stages of decomposition that would occur naturally as the 
female cone disintegrated. Statistical analysis consisted of t-Tests, to investigate if there 
was any by different animal species. 
 
 4.2.1 Camera traps 
To capture video footage of potential seed dispersers, Bushnell “Trophy Cam” camera traps 
(Bushnell, 2012) were chosen for the study. These camera traps enabled up to 100 30 
second colour video clips to be recorded onto a 2 megabyte SD memory card. These camera 
traps are able to record activity both during the day and at night using “black” infrared LED 
lighting which is invisible to wildlife therefore not altering natural behaviour. The traps 
were secured to trees or  tree  stumps within close proximity to where the Macrozamia 
seeds were placed using the supplied strap attached to the camera body. The traps remain 
inactive until movement triggers the motion sensor, at which point 30 seconds of footage is  
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recorded, then the camera stops recording. If an animal remained in the area there would 
be a ten second pause before recording recommenced.  A date and time stamp is present on 
each video clip enabling accurate data of visitation times.  The camera traps were left at 
various locations at both Avon Valley and Sawyers valley for between 3-16 days before 
reviewing footage. 
 
4.2.2 Radio telemetry 
Tracking of M. riedlei seeds was conducted using an Advanced Telemetry Systems R410 
receiver and 3 element folding Yagi  directional  antenna operating in the 148-152 MHz 
range (Advanced Telemetry Systems, 2012). M. riedlei seed were drilled out and fitted with 
Advanced  Telemetry  Systems  F1040  implant  fish  tagging  devices  which  operate  on 
individual frequencies (Figure 4.1). These tagging devices are 23mm in length by 9.5mm in 
diameter and weigh approximately 2 grams.  
   
 
 
Figure 4.1: Left, a F1040 implant fish tagging device. Right is the same device inserted into 
a  M. riedlei seed (red arrow).   
~ 45 ~ 
 
Transmitters  have  a  range  of  up  to  300  metres  and  a  continuous  battery  life  of 
approximately  three  months  from  the  time  they  are  activated,  according  to  the 
manufacturer.  Seeds  that  were  taken  by  dispersal  agents  were  tracked  and  recovered 
where possible. Dispersal distance and final location were recorded with a Garmin etrex 
handheld GPS unit (Garmin, 2012). 
 
4.3 Results 
The camera traps and seeds were set out periodically from July 2011 to May 2012 (based 
on availability of fresh M. riedlei seeds) (Table 4.1). At Avon Valley the camera traps were 
set out for a total of 66 days, while at Sawyers Valley, the traps were set out for a total of 31 
days. Of the 12 species of animals that have been identified to interact with the seeds of M. 
riedlei (Burbidge & Whelan, 1982), five were observed during this study, two avian and 
three  mammal  (Table  4.2  &  4.3).  Interactions  ranged  from  the  seeds  being  tested  for 
edibility and rejected thus leaving the seed in situ, the removal of the seed with no damage 
to the sarcotesta, the removal of the sarcotesta while leaving the seeds in situ and the 
removal of seeds and removal of the sarcotesta.  Out of the total of 47 M. riedlei seeds with 
transmitter devices fitted, 35 were deployed  at  Avon  Valley  and 12 at  Sawyers Valley, 
reflecting th progressive success or otherwise of removal experiments. All transmitters 
were recovered from Sawyers Valley and 33 of 35 were recovered from Avon Valley. The 
two lost transmitters were taken by a raven and an emu respectively as observed using 
camera traps. 
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Date  Location  Number of seeds  Number of days in field 
July 2011  Avon Valley  6  5 
July 2011  Avon Valley  6  6 
August 2011  Sawyers Valley  3  12 
August 2011  Avon Valley  2  8 
August 2011  Avon Valley  2  3 
August 2011  Avon Valley  2  5 
August 2011  Avon Valley  5  8 
August 2011  Avon Valley  5  16 
May 2012  Avon Valley  6  6 
May 2012  Sawyers Valley  3  3 
May 2012  Avon Valley  3  4 
May 2012  Sawyers Valley  3  4 
May 2012  Avon Valley  3  9 
May 2012  Sawyers Valley  3  9 
 
Species  Seeds eaten  Seeds removed  Sarcotesta 
removed 
Total 
number of 
seeds 
Corvis coronoides  0  12  0  12 
Dromaius 
novaehollandiae 
1  1  9  9 
Macropus irma  0  0  3  3 
Macropus fuliginosus  0  0  1  1 
 
Species  Seeds eaten  Seeds removed  Sarcotesta 
removed 
Total 
number of 
seeds 
Macropus irma  0  0  6  6 
Macropus fuliginosus  0  0  1  1 
Rattus fuscipes  0  3  3  3 
Unknown  0                 0           3  3 
 
Table 4.2: Species and observed interaction with M. riedlei seeds at Avon Valley 
 
 
 
Table 4.3: Species and observed interaction with M. riedlei seeds at Sawyers Valley 
Table 4.1: Months and locations of camera trap placement and number of seeds 
with tracking devices inserted used during the course of this project.  
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Ravens (C. coronoides) were observed from camera trap footage to pick up and fly off with a 
total of 12 M. riedlei seeds over the period that the camera traps were set out. Of these 12, 
11 were recovered with a mean dispersal distance of 160m, with a minimum distance of 
84.5m and a maximum of 380m. Of the recovered seeds, 10 were located in the tops of 
grass  trees  (X.  preissii)  and  one  in  a  tree  hollow  approximately  4m  above  the  ground. 
Secondary dispersal was observed on two occasions when seeds were tracked to within a 
few metres of their resting place but were unable to be found, on returning one week later, 
one of the seeds was found to have been relocated a further 100m from the last recorded 
position, while the other failed to be relocated. This seed was not located, despite searching 
to a radius of 250m indicating the missing seed had been dispersed outside the search area 
(i.e.  greater  than  this  distance).  All  of  the  recovered  seeds  that  were  taken  by  ravens 
showed no sign of test damage.  
Emus (D. novaehollandiae) were observed to interact with 17 of the seeds. The minimum 
distance seeds were moved was zero metres when an emu was observed to simply pick up 
and drop the seed in the same location. The maximum was >700m (seed beyond search 
zone, not recovered despite an  extensive systematic search).  The mean distance  seeds 
were dispersed by emus was 51.4m. However, this estimate is highly skewed by the single 
long distance event described above, and without this event the mean dispersal distance 
was only 1.38m. Emus were observed on 9 occasions to remove the sarcotesta from the 
seed and on the other 7 occasions seeds were picked up and dropped with no attempt 
made to consume any part of them (Figure 4.1). Those seeds that had been de-fleshed 
showed no signs of damage to the kernel. There was no significant difference observed  
~ 48 ~ 
 
(Figure 4.2) between the dispersal distances of ravens and emus (P = 0.83) despite ravens 
moving more seeds over long distances. 
 
   
 
          
 
 
Figure 4.2: Images of M. riedlei seeds, the seed on the far left was picked up and dropped by 
an emu as can be seen from the beak mark. The other two have been partially (left) and 
completely (right) de-fleshed.  The small amount of sarcotesta on the end of the seed on the 
right is extremely difficult to remove and was only seen to be removed by R. fuscipes.   
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The native bush rat (R. fuscipes) was observed removing three seeds, two of which were 
cached in a hollow log a distance of 9m from where they had been placed, with the third 
located on top of the same log. All three seeds were recovered as well as a fourth untreated 
M. riedlei seed. The recovered seeds had been de-fleshed; however, there was no damage to 
the testa leaving the seeds still potentially viable. 
The Western Brush Wallaby (Macropus irma) was observed interacting with nine seeds but 
no dispersal took place, with the mean distance seeds were moved being just 0.21m. The 
sarcotesta was removed from all the seeds they interacted with over a period of up to 36 
hours. They were observed feeding on the seeds both diurnally and nocturnally. The de-
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Figure  4.3:Mean dispersal distance of  M.  riedlei  seeds moved by animal 
species at Avon Valley and Sawyers Valley sites (mean ±  s.e)  
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fleshed seeds showed no damage other than minor striations from the wallaby’s teeth. The 
Western Grey Kangaroo (Macropus fuliginosus) was observed for only a few seconds to feed 
on the sarcotesta of a seed already partially de-fleshed by M. irma.  
Birds dispersed seeds over significantly greater distances than mammals (P<0.001) (Figure 
4.3), with the mean bird distance being 105m compared to the mean mammal distance of 
2.4m.  
 
 
 
Three seeds placed under a M. riedlei plant in a recently burnt area at Sawyers Valley, had 
all of the sarcotesta removed by one week later. However no footage was available due to 
the camera trap memory being filled from a leaf moving in front of the sensor (due to wind) 
and continually activating it.  There were numerous striations on the seeds indicating a 
mammal had processed the seed but there was no damage done to the seed.  
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Figure 4.4: Distances that M. riedlei seeds were moved by birds and mammals 
(mean ±   s.e) at Avon Valley and Sawyers Valley (combined)   
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In order to examine if seed presentation  was a factor in seed dispersal, six seeds were 
experimentally treated by partial and complete de-fleshing. All were picked up by emus, 
the two seeds with partial sarcotesta had the remaining sarcotesta removed, while the four 
totally de-fleshed seeds were picked up and dropped again. The maximum distance a seed 
was moved was 2.42m. 
Seeds were most frequently moved in the 0m-1m and 100m-250m classes respectively 
(Figure 4.4), reflecting mammal and raven dispersal, respectively. No seeds were dispersed 
between  10m  and  50m  and  only  one  seed  was  dispersed  between  500m-1000m.  A 
dispersal  Kernel  density  estimate  for  dispersal  distances  for  Avon  Valley  and  Sawyers 
Valley  using  combined  data  from  both  sites  (Figure  4.5)  illustrates  the  effect  of  the 
observed dispersal vectors on the distribution of M. riedlei seeds.  
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Figure 4.5: Dispersal for seed of M. riedlei by distance categories for Avon 
Valley and Sawyers Valley (combined data).   
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4.4 Discussion 
By using camera traps and radio telemetry together to investigate seed dispersers and the 
distances they disperse seeds at these two study sites, considerable knowledge has been 
gained  into  processes  previously  only  speculated  upon.  It  has  been  hypothesised  that 
cycads evolved to utilise large bodied herbivores such as dinosaurs and later megafaunal 
species such as the Diprontodontae in Australia (Burbidge and Whelan 1982) to disperse 
their seeds. While a number of studies in Australia (Burbidge & Whelan, 1982; Ballardie & 
Whelan, 1986; Snow & Walter, 2007) have identified many species of birds and mammals 
which interact with the seeds of Macrozamias, limited quantitative data on actual dispersal 
distances was collected.   
 
4.4.1 Distances and rates of dispersal - the role of animals 
Of the 47 seeds used in this study, 38.2 % (Figure 4.3) were dispersed further than 2m and 
19.1% further than 100m. Ravens were observed to be the most frequent dispersers of 
seeds, with 100% of the seeds that they interacted with taken and 97.3% dispersed beyond 
100m. They also demonstrated a consistent behaviour of placing dispersed seeds in the 
tops of grass trees (X. preissii). This would appear to be caching behaviour (Heinrich & 
Pepper,  1998;  Bugnyar,  Stowe,  et  al.,  2007)  to  prevent  conspecific  pilfering.  Ravens 
previously  have been  observed feeding on  the  seeds  of  M.  riedlei  (Burbidge & Whelan, 
1982), so this would suggest that while the initial location that the seeds were recovered 
from would not be suitable for germination. Subsequent re-caching locations and the final  
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resting place of predated seeds might be more suitable for seed germination, but data are 
limited.  
Emus,  while  being  considered  prime  candidates  as  long  distance  dispersers  for  large 
seeded species (Davies, 1978; Burbidge & Whelan, 1982; McGrath & Bass, 1999; Calvino-
Cancela, Dunn, et al., 2006) only dispersed one seed over a long distance in this study. This 
represents only 5.9% of the total seeds with which they interacted. From the observed 
footage, emus cannot be assumed to automatically have a desire to consume the entire 
seed.  Emus were observed on nine occasions to remove the sarcotesta with great finesse 
but hardly moved the remaining seed at all. Emus are certainly capable of swallowing a 
Macrozamia seed, and would at first glance appear to fulfil the role of a large bodied seed 
disperser, filling the niche left by the demise of the Australian megafauna (Snow & Walter, 
2007),  however  results  from  this  study  indicate  that  they  may  not  be  the  principal 
disperser for this species. 
Three studies which have investigated Macrozamia species in Australia suggest that the 
native bush rat (R. fuscipes) is a predator of seeds (Burbidge & Whelan, 1982; Ballardie & 
Whelan,  1986;  Snow  &  Walter,  2007),  however  results  from  this  study  showed  no 
indication of this. All three seeds that R. fuscipes was observed to take were, when relocated 
9.0m away, de-fleshed with no damage to the kernel. Furthermore, a fourth Macrozamia 
seed was recovered from within the  hollow log with two of the treated seeds and  also 
showed no sign of kernel damage. The Western Brush Wallaby (M. Irma) was observed to 
feed  on  the  sarcotesta  without  causing  any  damage  to  the  seed.  The  Western  Grey 
Kangaroo (M. fuliginosus) was observed on only one occasion feeding on the remaining  
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sarcotesta left by M. irma. Neither of these species caused any dispersal other than moving 
the seeds with their feet or tail as they fed.  M. irma did not consume all of the sarcotesta in 
one session, but rather would feed occasionally over a period of days. It is not known if the 
same animals returned each time to feed as feeding was observed during both day and 
night.  The three seeds that were de-fleshed at Sawyers Valley without video footage being 
obtained of the species responsible, exhibited the same striations on the seed as those left 
by M. irma on the seeds it was observed to have predated upon. This along with the three 
seeds  having  hardly  been  moved  would  suggest  that  M.  irma  was  responsible  for  the 
predation on them as well. 
It  has  been  noted  that  all  tissues  of  cycads  contain  compounds  such  as  cycasins, 
macrozamins  and  the  powerful  neurotoxin  b-N-methylamine-alanine  propionic  acid 
(BMAA), that are highly toxic to mammals including humans (Duncan 1993; Norstog and 
Nicholls  1997;Monson  et  al.  2003).  These  toxins  could  be  limiting  factors  to dispersal. 
Nevertheless predation and dispersal were observed by ravens, emus, wallabies and native 
rats. These observations could indicate a natural resistance to the toxins such as in the 
plant  Gastrolobium  which  is  used  to  produce  1080  poison  but  is  consumed  by  native 
species with no apparent ill effects (Ladd, Connell, et al 1993). 
Previous studies have indicated that the common brushtail possum (T. Vulpecula) is also 
regarded as being a key dispersal agent for Macrozamia species (Burbidge and Whelan 
1982; Ballardie and Whelan 1986). While none were observed during this study, they are 
present in the study area (Strahan, 1983). This suggests that in the presence of brush-tail 
possums and ravens, emus may not be as important as previously believed for the dispersal  
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of large seeds (Davies, 1978; Burbidge & Whelan, 1982; McGrath & Bass, 1999; Calvino-
Cancela, Dunn, et al., 2006). Unlike Cassowaries (Casuarius  casuarius), which are a primary 
disperser  of  rainforest  plants  in  North  Queensland,  but  also  depend on  the  fruits  they 
disperse for their survival (Stocker & Irvine, 1983). Emus are cosmopolitan feeders, being 
considered omnivorous (Davies, 1978; Cayley, 1984) with a diet of seeds, green foliage and 
insects; thus the presence or absence of Macrozamia seeds may not be a major concern for 
their survival. 
Work by Willson (1989) using large pseudoseeds found that emus have a gut retention 
time of up to 10 days, and it  has been shown they are capable of walking  many kilometres 
during the same amount of time (Davies, 1978). The quality of presentation will affect the 
likelihood of seeds being selected by dispersers (Snow & Walter, 2007). Observations from 
this study indicate that seeds with the sarcotesta completely removed had no appeal to 
herbivorous fauna, while the two seeds with 50% sarcotesta removed had the remaining 
sarcotesta removed by an emu, but not dispersed. This would suggest that seeds that have 
been processed by species such as M. irma and M. fuliginosus and left at the base of the 
parent plant would be unlikely to be dispersed other than by natural means such as water 
or rolling down hill (Burbidge & Whelan, 1982). 
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Chapter 5- General Discussion 
The impetus for this study was to investigate whether the potential decline of emu (D. 
novaehollandiae) numbers  in the  jarrah (E.  marginarta)  forest  around Perth  has led to 
negative impacts on M. riedlei, limiting the dispersal of seeds and resulting in populations 
with highly aggregated spatial structures and reduced recruitment levels. Such impacts 
could, in the long term, affect this species’ ability to maintain a healthy genetic diversity 
and to persist in the face of a changing climate. 
 
5.1 Outcomes from this study 
During this study four methods were used to answer the research questions: demography 
and spatial analysis to investigate the current structure within the populations studied; and 
camera traps and radio telemetry to establish some of the dispersal vectors present and 
distances they are able to disperse seeds. The summarised outcomes for each question are 
given below, and detailed discussions for each can be found in the relevant chapters. 
 
5.1.1 Question 1: Does availability of large animal vectors for dispersal of seed affect 
spatial patterning of a large seeded species? 
From the available evidence from the spatial modelling conducted on the three populations 
(Chapter  3)  there  appears  to  be  no  difference  in  the  spatial  patterning  of  M.  riedlei,  
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particularly in regard to the density and distribution of seedlings and juveniles within the 
populations regardless of whether there are extant emu populations as a disperser or not.  
 
5.1.2 Question 2: What vectors are there currently available for the dispersal of the 
seeds of  M.riedlei  and  what seed  dispersal distances  are being achieved by those 
vectors? 
Three dispersal vectors were identified during this study: The Emu (D. novaehollandiae), 
the Australia Raven (C. coronoides) and the Bush Rat (R. fuscipes) (Chapter 4). These three 
species  were  observed  to  move  the  seeds  of  M.  riedlei.  The  Bush  Rat  moved  seeds  a 
distance of nine metres but cached two of them in a hollow log which is not likely to be a 
suitable site for germination and growth. Out of 14 interactions, the Emu moved only one 
seed a distance greater than 2.5m. This single dispersal event to more than 700m shows 
that it is able to a role as a long distance disperser, but may not be the primary agent for 
seed dispersal in this plant species. Ravens were the most consistent dispersers of seeds, 
with all seeds moved over distances between 84m and 390m, with indications of likely 
secondary dispersal. It appears to be the primary dispersal agent in this region.   
 
5.1.3 Question 3: What are the likely consequences to this species if primary seed 
dispersers are absent? 
Based  on  the  results  of  this  study,  there  would  appear  to  be  little  in  the  way  of 
consequences  to  the  current  populations  of  M.  riedlei.  In  the  absence  of  emus  (D.  
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novaehollandiae), hypothesised to be the primary dispersal agent; ravens (C. coronoides) 
were observed to fulfil the role of a LLD (Long Distance Dispersal) agent. Given that the 
results here show that the emu is likely not the primary disperser, then it is not surprising 
that the hypothesis of altered population structures based on a gradient of emu population 
size across selected sites was not confirmed.  
 
5.2 Recommendations for future research 
Like  many  ecological  field  studies,  this  project  encountered  limitations,  both  spatial 
(location of sites) and temporal (opportunities to gather data) associated with the logistics 
of conducting field research over a short period of time. The lack of female plants coning, 
(overcome by using M. riedlei seed sourced from other locations) was a limiting factor in 
obtaining a true perspective on the behaviour of dispersal agents when presented with up 
to 150 seeds on a cone (Baird, 1939), rather than the few at a time used in this study. Also 
when ripe, the seeds of M. riedlei emit a pungent odour (personal observation), this would 
likely attract dispersal agents to the cones, rather than the opportunistic feeding observed 
in this study. It is also possible that when presented with the large food source of a full M.  
riedlei  cone,  the  behaviour of the observed animals may change  (Clark  & Galef, 1977). 
Particularly  in  regard  to  the  emu,  the  observed  behaviour  of  slowly  removing  the 
sarcotesta  from  the  opportunistically  found  seed  may  be  replaced  by  frenzied  feeding 
(Jorde, Krapu, et al., 1983; Erwin, Hafner, et al., 1985), resulting in a higher number of 
whole seeds being swallowed.  
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Owing to time constraints no camera trapping or telemetry research was conducted at 
Kings Park. It would be recommended that further research be conducted there  and in 
Sawyers Valley, where no raven activity was observed to ascertain likely dispersal agents 
and to confirm whether ravens are operating in the same manner as at Avon Valley. It 
would also be recommended that  further study be conducted at  both Avon  Valley and 
Sawyers Valley when female M. riedlei are seeding. This would be beneficial to see if any  
other  of  the  species  previously  reported  to  interact  with  M.  riedlei  seeds  (Burbidge  & 
Whelan, 1982) can be observed in greater detail, particularly the Brush tail Possum (T. 
vulpecular), given its apparent importance as a dispersal vector elsewhere (Burbidge & 
Whelan, 1982; Snow & Walter, 2007).  
In order to assess the sex ratio of plants to confirm or otherwise the unusual female biased 
ratio observed in Sawyers Valley, sampling should be conducted after the next fire event to 
establish  if  there  are  a  higher  proportion  of  male  plants  present  that  may  have  been 
identified as unknown because of a lack of male cones.  
Finally, in regard to the results from Kings Park, given that M. riedlei is a slow growing 
species capable of living for over 1000 years (Pate, 1999), it is questionable whether 100 
years (Wycherley, 1992) without a primary disperser is sufficiently long to observe major 
effects on the population structure. This may require research  by future generations of 
ecologists.  
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5.3 Conclusions 
 
In the context of this study we hypothesised that the emu (D. novaehollandiae) was the 
primary  long  distance  dispersal  agent  for  M.  riedlei  because  it  is  the  last  remaining 
vertebrate capable of swallowing a whole seed of  M.  riedlei  (Davies, 1978; Burbidge & 
Whelan, 1982; McGrath & Bass, 1999). They are also known to move over long distances 
(Davies, 1978). On that basis it was hypothesised that a difference in the spatial patterning 
and  demographic  patterns  of  the  three  populations  investigated  would  be  evident; 
particularly between Avon Valley (high density of emus) and Kings Park where emus have 
been absent for the past 100 years (Wycherley, 1992).  
The evidence from both demographic and spatial analyses, indicated all three populations 
sampled are very similar in population structure. While there are a number of statistical 
differences (e.g. parent plant numbers etc) between the three sites, many of these may to 
be  due  to  differences  in  population  densities,  given  the  significant  difference  in  plant 
numbers between sites. The spread of seedlings and juveniles under assigned parents in 
the Thomas cluster process being similar across sites may suggest poor seed removal rates 
and a lack of effective dispersal vectors. Similarly, there was no significant difference in the 
mean number of juveniles/seedlings assigned to each parent plant.  This is in agreement 
with  the  results  from  the  demography  analysis  as  in  the  Kruskal-Wallis  statistical 
comparisons.  This may be the result of similar seed production rates at  each site and 
potentially poor seed removal rates.  However, assuming seed production is the same at all 
three  sites,  then  the  number  of individuals  remaining  under  parent  plants  would  be  a 
function of how many seeds have been removed (dispersed); indicating similar dispersal  
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rates with or without emus being present. This was explored in chapter 4, where the direct 
evidence for dispersal vectors and their effectiveness was analysed. 
Through the use of camera traps and radio telemetry, it was found that  ravens acted as the 
most frequent and consistent dispersal agent for  Macrozamia seeds, with all seeds that 
were interacted with by ravens dispersed, and 91% of those being moved more than 100m. 
This suggests that they are a key dispersal vector for  Macrozamia within the Jarrah (E. 
marginata) forest. They also have the advantage of flight and are thus suited to disperse 
seeds over barriers such as fences and unsuitable habitat, which could halt the progress of 
mammals and emus in a now fragmented landscape.  
Emus were observed to be more discerning about what part of the seed they ate and would 
not seem to be a major disperser of Macrozamia seeds. However, when they do swallow the 
entire seed they are likely to disperse it a considerable distance from the parent plant. The 
mammal species observed in this study do not appear to play a major role in the dispersal 
of Macrozamia, and may in-fact hamper dispersal by removing the sarcotesta while the 
seeds remain under the parent plant.    
Therefore, based on results from this study the hypothesis that the emu is the primary 
dispersal vector of M. riedlei is not supported, as there was little difference observed in size 
structure and spatial pattern between the three populations. This would indicate that in the 
absence of emus, other species such as the raven (C. coronoides) is a major disperser able to 
fill the niche that may have been left by the extinction of primary dispersal agents able to 
swallow and move seeds. The raven is facilitating long distance dispersal (LLD), even if that 
requires secondary dispersal to accomplish this.  However, it is not known if secondary  
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dispersal moves seeds to suitable microhabitats for recruitment. Nevertheless, the balance 
of evidence provided by this study suggests that, even in the absence of the emu, or similar 
large-bodied animals, as a dispersal vector, M. riedlei populations are likely to persist, with 
sufficient long distance dispersal resulting in healthy mixing of genetic material and the 
ability to extend population range in the face of an uncertain climate future. 
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